RNA editing involves a variety of genetic systems and occurs by different mechanisms. In higher plant chloroplasts, specific sites of some transcripts are subject to C-to-U conversion. We have previously shown that site-specific trans-acting factors for psbE and petB mRNA editing bind corresponding cis-elements, which are located 5 nucleotides upstream from the editing site. Here we report that, by using mRNAs labeled either at the center of the upstream cis-element or at the editing site, the site-specific factors can be cross-linked with nucleotides at both positions. Mutations of nucleotides in the proximal region of the editing site revealed a correlation between editing activity and cross-linking efficiency of factors with the editing site, even though cross-linking with the upstream cis-element was unaffected. These observations suggest that the site-specific factor binds stably to the upstream ciselement, whereas it interacts weakly with the editing site. This finding raises the intriguing possibility that the site-specific factor is involved in both site-determination and C-to-U conversion in chloroplast RNA editing.
R
NA editing is one of the posttranscriptional processes involved in transcript maturation in a variety of organisms, including viruses, fungi, plants, and mammals (1) . This process can be subdivided into insertion͞deletion of nucleotides and base modification. RNA editing in plant organelles belongs to the latter case; specific sites of some transcripts are subject to C-to-U (and rarely U-to-C) conversions (2) (3) (4) (5) (6) (7) . Most editing events occur in protein-coding regions and restore codons to conserved amino acids. In chloroplasts, editing of psbF, petB, and accD mRNAs has been reported to be necessary for the function of their products (8) (9) (10) , indicating that at least some RNA editing events are essential posttranscriptional steps. However, one RNA editing event was observed in the third position of a codon and did not lead to amino acid substitution (11) . Hence, at least one case of editing seems to have no biological significance.
At present, 34 C-to-U editing sites have been found in tobacco chloroplast transcripts (12) . Cis-analysis has been pursued for several sites by transplastomic approaches, and all defined cis-acting elements are located within Ϸ30 nucleotides of editing sites (13) (14) (15) . Sequences surrounding editing sites exhibit no common characteristics, except most of the 5Ј neighboring residues of editing sites are pyrimidines and the 3Ј neighbors are A residues, both in chloroplast and mitochondrial transcripts (16, 17) . The importance of 5Ј neighbors for editing efficiency has been reported in psbL and ndhB mRNA (site V) editing (13, 14) .
We have recently studied the mechanism of psbE and petB mRNA editing in tobacco and pea chloroplasts (18) . Both chloroplast genes possess single editing sites that depend on plant species. The 72nd codon of psbE is encoded as Ser (UCU) at the DNA level in spinach, pea, and maize, whereas tobacco, Arabidopsis, and black pine restore this codon from Pro (CCU) by RNA editing. The 204th codon of petB is Leu (CUA) in spinach, Arabidopsis and black pine, whereas tobacco, pea, and maize restore it from Pro (CCA). By using an improved in vitro RNA editing system from tobacco chloroplasts, we unambiguously showed the involvement of distinct proteins in psbE and petB mRNA editing (18) . Competition analysis revealed that they specifically bind Ϸ10-nt sequences located Ϸ5 nt upstream of the editing site (upstream cis-element). However, editing assays with mutated mRNA substrates demonstrated that specific sequences in the 5Ј proximal region of editing sites are also required for editing. This observation raises the problem of how the 5-nt region is important for RNA editing.
To explore the function of the proximal region for editing, we performed detailed mutation analysis monitored by editing activity and UV cross-linking. Here we report that the proper sequence in the proximal region is required for the site-specific trans-acting factor to interact with the editing site. A model of the mechanism of chloroplast RNA editing is discussed.
Materials and Methods
Preparation of RNA Substrates and Tobacco Chloroplast Extracts.
RNA substrates were prepared essentially as described (18) . In brief, 20 pmol of 5Ј-32 P-labeled downstream RNAs (21-28 nucleotides) was ligated to 60 pmol of the corresponding upstream RNAs (106-128 nucleotides) with the aid of 40 pmol of a bridging DNA oligonucleotide and T4 DNA ligase in 20-l reaction mixtures at 25°C overnight. The ligated mRNAs were purified by 5% PAGE containing 7 M urea. Tobacco (Nicotiana tabacum var. Bright Yellow 4) was grown in a growth chamber at 25°C in a 16-h light͞8-h dark cycle for 6 weeks. Tobacco chloroplast extracts were prepared as described (18) .
In Vitro RNA Editing and UV Cross-Linking Assays. RNA editing and UV cross-linking assays were carried out essentially as described (18) with slight modifications. Both reaction mixtures contained 5 l of chloroplast extract (Ϸ50 g of protein) and a similar amount (1-3 fmol) of mRNA substrate. For RNA editing assays, an mRNA substrate was incubated at 28°C for 2 h. RNA was isolated and digested into 5Ј mononucleotides with 1 g of nuclease P1 (Wako Pure Chemical, Osaka) in the presence of 50 mM ammonium acetate (pH 4.8) at 37°C for 3 h. Mononucleotides were separated on cellulose TLC plates (20 ϫ 20 cm, Funakoshi, Tokyo) by using isopropyl alcohol͞HCl͞water (70:15:15). For UV cross-linking assays, an mRNA substrate was incubated at 28°C for 1 h in the editing mixture. Reaction mixtures were irradiated with UV light (254 nm, 1.8 J͞cm 2 ) by using a Funacrosslinker (Funakoshi). This step was followed by digestion of the RNA with a mixture of 2 g of RNase A, 0.25 units of nuclease P1 (Wako Pure Chemical), and 0.05 unit of Crotalus adamanteus venom phosphodiesterase I (Pharmacia) at 37°C for 15 min. Protein samples were separated by 12.5% PAGE containing 0.1% SDS. 32 P-labeled mononucleotides on TLC and 32 P-cross-linked proteins on PAGE were visualized by a Bioimaging Analyzer BAS2000 (Fuji).
stream cis-elements, a 10-nt sequence from positions Ϫ15 to Ϫ6 (editing site at position ϩ1) of psbE mRNA and a 15-nt sequence from Ϫ20 to Ϫ6 of petB mRNA in tobacco chloroplasts (18) . Sequences between the Ϫ5͞Ϫ1 regions of psbE and petB mRNAs are not required for binding of the factors. However, mutations of these five nucleotides of both mRNA substrates completely abolished editing. These results suggest that sequences between upstream cis-elements and editing sites (proximal regions) are also involved in editing reactions.
To examine sequence specificity in the proximal region, we constructed a series of mutated mRNA substrates with individual nucleotides converted to their complementary nucleotides (psbE mRNA, Ϫ5 to ϩ 5 and petB mRNA, Ϫ5 to ϩ 4) and used these substrates for in vitro editing assays. As shown in Fig. 1B Left, editing of psbE mRNAs was severely impaired by mutations at Ϫ3 and Ϫ2, whereas mutations at Ϫ1 and ϩ4 resulted in slight inhibition. Mutation at ϩ2 gave the opposite effect, a slight increase in editing. On the other hand, the editing of petB mRNAs seems to require a higher sequence specificity than that of psbE mRNAs. Mutations at Ϫ3 and Ϫ1 abolished editing, and those at Ϫ5, Ϫ2, ϩ2, and ϩ3 also exerted an inhibitory effect (Fig. 1B Right) . Based on these results, it is difficult to define specific residues in common that are critical for editing. In the proximal region, the sequence specificity seems to be different for these editing sites.
To confirm that the mutations above do not affect binding of the site-specific factors, we examined the ability of the mutated RNAs to compete for binding. The editing of wild-type psbE mRNAs (labeled at C to be edited) was inhibited with an excess amount of the same psbE mRNA (unlabeled) but not with that of the heterologous mRNA (unlabeled) (Fig. 1C Left, lanes W vs. B), indicating that the site-specific factor for psbE mRNA editing was specifically depleted and was unavailable for the labeled mRNA substrate. As a result, most of these mutated psbE mRNA competitors trapped the site-specific factor and hence arrested the editing of wild-type psbE mRNAs (lanes Ϫ5 to ϩ5). Therefore, the observed difference in editing efficiencies of mutated psbE mRNA substrates was not due to the extent of factor binding. A mutation at Ϫ3 in psbE mRNA was somewhat of an exception, and slight editing was observed when it was used as a competitor (Fig. 1C Left, lane Ϫ3), although it was a poor substrate ( Fig. 1B Left, lane Ϫ3) . The G residue at Ϫ3 may have some role in binding of the site-specific factor. In petB mRNA, all these mutated mRNAs were effective as competitors (Fig. 1C  Right) .
Preference for 5 Neighboring Residues. The 5Ј neighboring nucleotides of editing sites were reported to be important for psbL and ndhB (site V) mRNA editing (13, 14) . If sequences in the proximal region are recognized site-specifically, it is possible that the nucleotide preference for that position (Ϫ1) differs for psbE and petB mRNA editing. We examined the effect of mutations at the Ϫ1 position on editing activity (Fig. 2) . In psbE mRNA, the intrinsic U residue was the most favorable for editing, and conversion to the A residue exhibited slight inhibition. However, conversion to a G or C residue essentially abolished editing. In petB mRNA, the intrinsic C residue was also the most favorable. (19) , and mutated residues are shown below. (B) Editing activity of mutated mRNA substrates. One femtomole of each mutated mRNA was incubated with a chloroplast extract as described in Materials and Methods, and resulting 32 Pmononucleotides were separated by TLC. (C) Competition analysis using the mutated mRNAs as competitors. One femtomole of each 32 P-labeled wild-type mRNA substrate was incubated with 1 pmol of each unlabeled mutated mRNA as competitor. U, marker pU; W, wild-type mRNA; E, psbE wild-type mRNA as competitor; B, petB wild-type mRNA as competitor; ϪEx, without chloroplast extract; 0, without competitor.
Fig. 2.
Preference for the 5Ј neighboring residue for psbE mRNA (Left) and petB mRNA (Right) editing. The Ϫ1 residue of psbE and petB mRNAs was changed to three other nucleotides. Editing activities of mutated RNA substrates were assayed as in Fig. 1 .
All the other residues were inhibitory, and conversion to G abolished editing activity completely. These results clearly show that the preference for 5Ј neighboring residues is different for the editing of psbE and petB mRNAs. Taken together, these observations support the idea that the requirement for sequences in the proximal region is site-specific.
Site-Specific Factors Are Cross-Linked with the Editing Site. By using UV cross-linking approaches with mRNAs labeled at the upstream cis-elements, we detected two site-specific factors, p56 for psbE mRNA editing and p70 for petB mRNA editing (18) . If the editing sites are also recognized by a protein factor(s), the protein may be cross-linked with the editing site. To improve the site specificity of cross-linking, nuclease P1 and C. adamanteus venom phosphodiesterase I (3Ј exonuclease) were used in addition to RNase A for extensive RNA digestion after UV irradiation. By using the psbE mRNA substrate labeled at the center of the upstream cis-element (Ϫ10), p56 and abundant chloroplast RNA-binding proteins (20) were detected (Fig. 3B Left,  lane Ϫ10) . Surprisingly, by using the same substrate labeled at the editing site (ϩ1), p56 was again cross-linked (Fig. 3B Left,  lane ϩ1) . In petB mRNA, we found that p70 was also cross-linked with both positions, the center of the upstream cis-element (Ϫ13) and the editing site (ϩ1) (Fig. 3B Right, lanes Ϫ13 and  ϩ1) . These results imply that the site-specific factors directly interact with the editing sites. Note that the cross-linking intensities of the site-specific factors were different for the upstream cis-elements and the editing sites. This finding may reflect nonuniform distributions of UV-reactive residues, such as aromatic and͞or sulfur-containing amino acids, in the factors.
The Cross-Linking of p56 with the Editing Site Is Correlated with the Editing Activity. Our previous study showed that binding regions of site-specific factors are apart from editing sites (18) . Thus, the sequence in proximal regions must be dispensable for binding of the factor to mRNAs. To confirm this idea, we defined sequences necessary for p56 binding to psbE mRNA by scanning mutated competitors. Binding was assayed by UV cross-linking with psbE mRNA substrate labeled at the C to be edited. Addition of excess amounts of competitors m5 and m8 (mutations in the Ϫ20 to Ϫ16 and in the Ϫ5 to Ϫ1 regions, respectively) specifically prevented p56 from cross-linking with the editing site (Fig. 4) . Conversely, addition of competitors m6 and m7 (mutations in the Ϫ15 to Ϫ11 and in the Ϫ10 to Ϫ6 regions, respectively) showed no inhibition. These results confirmed that binding of p56 to psbE mRNA depends solely on the Ϫ15 to Ϫ6 region, and that the proximal 5-nt sequence is dispensable.
The observation that the site-specific factors are cross-linked with the editing sites raises the possibility that these factors recognize not only the upstream cis-elements but also the editing sites and proximal regions. If so, mutations in the proximal region may affect the cross-linking of the site-specific factor with the editing site. To examine this hypothesis, we performed UV cross-linking experiments using psbE RNA substrates with 32 Plabel at the editing site and with a mutation of the 5Ј neighboring residue (Ϫ1). The extent of p56 cross-linking with the substrate possessing A at Ϫ1 was strongly reduced relative to the intrinsic U (Fig. 5A) . Moreover, mutations to G and C abolished this cross-linking. Conversely, mutation to G at the 3Ј neighboring residue (ϩ2) exerted no effect or slightly enhanced cross-linking. The chloroplast RNA-binding proteins (28-33 kDa) were crosslinked to a similar extent with all substrates, suggesting that these mutations specifically affect the cross-linking of p56. Thus, we conclude that the 5Ј neighboring residue (Ϫ1) is involved in the interaction of p56 with the editing site (ϩ1).
Most importantly, the extent of p56 cross-linking correlated roughly with the editing activity of each RNA substrate (Fig. 5A vs. Figs. 1 Left and 2 Left). Mutation to G or C at Ϫ1 abolished both editing activity and cross-linking of p56 (Fig. 2 Left, lanes 4 . Determination of the sequence involved in p56 binding to psbE mRNA. Schematic representation of altered regions of psbE mRNAs used as competitors are shown above. One femtomole of the wild-type psbE RNA labeled at the ϩ1 residue was used as a substrate, and 1 pmol of each competitor was added. Cross-linking assays were as described in Fig. 3. 0 , without competitor.
G and C vs . Fig. 5A , lanes G and C). Mutation to A at Ϫ1 did not reduce editing so much despite severe reduction in crosslinking (Fig. 2 Left, lane A vs. Fig. 5A, lane A) . This is probably due to different thresholds of interaction for UV cross-linking and editing reaction. Conversely, mutation to G at ϩ2 slightly enhanced both (Fig. 1B Left, lane ϩ2 vs. Fig. 5A, lane ϩ2) . Taken together, these observations suggest that direct interaction of p56 with the editing site is a prerequisite for psbE mRNA editing.
Because the binding of p56 to psbE mRNA depends on the upstream cis-element (Ϫ15 to Ϫ6) but not on the proximal region (Ϫ5 to Ϫ1), it is expected that p56 binds to the upstream cis-element despite mutation in the proximal region. To examine this possibility, we carried out UV cross-linking experiments with the same series of mutated mRNAs, except they contained 32 P-label at the Ϫ10 position. As shown in Fig. 5B, p56 was cross-linked with the Ϫ10 residue of all the mutated mRNAs. Even with the mRNAs that possess G or C at Ϫ1, cross-linking of p56 was observed at a level similar to that of wild-type mRNAs (U at Ϫ1), although they were neither edited nor cross-linked with the editing site. This result confirms that the binding of p56 to the upstream cis-element is unrelated to its downstream sequence.
Discussion
The results presented here provide evidence that p56, the site-specific trans-acting factor for psbE mRNA editing, interacts directly with the editing site in a sequence-specific manner. We reported that the binding regions of site-specific factors are distinct from the editing site (18) . Consistent with that observation, here we have demonstrated that p56 can bind the upstream cis-element without interacting with the editing site. However, mutation of the nucleotides flanking the psbE editing site demonstrates a correlation between the extent of interaction with the editing site and the editing activity. Our results therefore suggest that direct interaction of p56 with the editing site is a prerequisite for psbE mRNA editing.
Nearest neighboring nucleotides were reported to be critical for efficient editing of psbL and ndhB (site V) mRNA (13, 14) . Consistent with this observation, we showed that some mutations at these positions abolished the editing of psbE and petB mRNAs. However, scanning mutation analysis revealed that critical residues are not confined to particular positions but are scattered around the editing sites. It is likely that all nucleotides required for the editing reaction in the proximal region are recognized by the site-specific factor, because the sequence requirement in the region is site-specific.
In apoB mRNA editing, a well characterized example of C-to-U conversion in mammals, an essential cis-element (mooring sequence) is also distinct from the editing site, located 4 nucleotides downstream (21) . The sequence specificity in the proximal region is relatively relaxed (22) . Instead, distal ciselements in addition to the mooring sequence may contribute to the site specificity (23) .
Editing sites possessing G at the 5Ј neighboring position (Ϫ1) are not found in tobacco chloroplast transcripts (12, 17) , and only a limited number are found in Arabidopsis mitochondrial mRNAs (16) . Consistent with these observations, conversion to G abolished both psbE and petB mRNA editing in vitro. Similarly, the conversion of 5Ј neighboring residues to G in chloroplast ndhB (site V) mRNA and mitochondrial cox II (C259) mRNA were reported to inhibit editing in vivo (13, 24) . A guanosine at the 5Ј neighboring position is inhibitory for most editing sites studied; therefore, the strong bias against G may be due to mechanical constraints.
Our results suggest that p56 recognizes the psbE editing site by two separable steps (Fig. 6 ). In the first step, p56 binds to the upstream cis-element, which brings its part to contact with the proximal region. If the sequence in this region is compatible enough to establish a close interaction with the C residue to be edited (enough for UV cross-linking), the editing reaction proceeds. It is interesting that p56 binds psbE mRNA in different strengths. Binding to the upstream cis-element is strong, enough for p56 to hold onto RNA, whereas binding to the editing site͞proximal region is so weak that it has almost no contribution to overall binding (see Fig. 4 ). Our model suggests that binding of the site-specific factor to the upstream cis-element acts as a scaffold for the interaction with its downstream region.
Why a direct interaction of p56 with the editing site is required for the editing reaction is unknown. The simplest hypothesis would be that p56 itself carries out C-to-U conversion (deami- nation of C residues); therefore, the interaction represents a contact of its deamination domain with the target C residue to be edited. This model is supported by the observation that no additional protein was specifically cross-linked with the editing site. Although the possibility that the deaminase is distinct from p56 cannot be ruled out, the RNA-binding features of p56 are reminiscent of the holoenzyme involved in apoB mRNA editing, in which a cytidine deaminase [apoB mRNA editing enzyme catalytic polypeptide 1 (APOBEC-1)] and a sequence-specific RNA-binding protein [APOBEC-1 complementation factor (ACF)] are the minimal complex for editing in vitro (25) . Recognition of the apoB editing site is directed by ACF through binding to the mooring sequence (25, 26) . APOBEC-1 also possesses a weak RNA-binding activity, which is a prerequisite for editing (27) . The binding of p56 to the upstream cis-element seems to correspond to the binding of ACF to the mooring sequence, and the weak binding of p56 to the editing site͞ proximal region to that of APOBEC-1. In this respect, p56 would be expected to possess both RNA-binding forms characteristic of the holoenzyme of apoB mRNA editing. We therefore favor the hypothesis that both the site recognition and the cytidine deamination of psbE mRNA editing are carried out by p56 alone.
The most prominent feature of chloroplast RNA editing is that distinct proteins recognize each site (18, 28) . However, it cannot be ruled out that the same trans-factors recognize several editing sites and that binding depends on cis-elements (29) . Here we provide evidence of direct interaction of the site-specific factor with the editing site only for psbE mRNA editing. The sitespecific factor of petB mRNA editing is also cross-linked with both the upstream cis-element and the editing site (see Fig. 3 ). Previous cis-analysis of other editing sites has shown that locations of cis-elements are invariable, occurring at similar upstream positions (13) (14) (15) . Thus, our model is likely to be applicable to most, if not all, site-specific trans-acting factors in higher plant chloroplasts. Fig. 6 . Model of chloroplast RNA editing. First, a site-specific trans-acting factor binds an upstream cis-element in a sequence-specific manner. Based on this binding, the factor then interacts with an editing site also in a sequencespecific manner. This interaction is most likely necessary for C-to-U conversion, possibly by allowing contact of the putative catalytic domain of the sitespecific factor with the target C residue.
